Sensitive visual and micro spectrophotometric methods have been developed for field determination of trace iron in fresh water samples. For the visual method, a water sample (0.45-µm filtrate acidified to 0.1 M HCl) was placed in a glass vial and mixed with a reagent solution containing 1,10-phenanthroline, sodium thiocyanate and 0.1 M HCl. Iron was extracted as pink ferroin thiocyanate with 1 ml of 4-methy-2-pentanone. The sample up to 20 ml was added step-by-step, until the color of the extract was detected visually. Without any special instrument or color standard, iron down to 0.001 mg l -1 (0.025 µg) in a sample can be determined with an error of 20% in the field. For the micro spectrophotometric method, the extract for 20 ml of sample was separated by capillary suction in a column (micro pipette chip) with acrylic fibers. A part of the extract was pushed out into a micro cell for the absorbance measurement at 525 nm. The column was re-usable after washing with ethanol. This method had a detection limit of 0.001 mg l -1 and allowed determinations within an error of 5%. The proposed methods were applied to deionized-, tap-, river-, lake-and reservoir-water samples.
In field analyses, semiquantitative methods without special analytical instruments and standard samples are useful for checking a concentration over a guideline value and in surveying local or temporary increases of analyte, before precise determinations. Iron is an important element in natural water; 1,2 e.g., it binds organic matter to clays and its humic aggregates adsorb/absorb other trace metallic ions. However, the monitoring of iron in natural fresh water requires a sensitive method, because iron concentrations are sometimes very low, e.g., at 0.001 mg l -1 levels. 3 Iron in 0.009 -1.4 mg l -1 can be determined using a commercial portable spectrophotometer with Ferrozine. 4 Using a commercial test pack 5 or vessel, 6 iron down to 0.05 mg l -1 was determined by a visual colorimetric method based on the reducion of Fe(III), the formation of Fe(II)-bathophenanthroline derivatives and the color comparison with a series of color standards. However, these methods have insufficient sensitivities for the analysis of natural water. Low detection limits of 0.002 and 0.006 mg l -1 were achieved by visual colorimetry and spectrophotometry, respectively, on the basis of the adsorption and enrichment of iron as an ion-pair of Fe(III)-2,2′-dihydroxyazobenzene with Crystal Violet cation on a polyvinyl chloride film. 7 However, this method is not suitable for field analysis, because the color development on the film required 40 min even at 70˚C.
We have previously used a visual method 8 for detection of iron (≥ 0.013 mg l -1 ) on the basis of the extraction of pink Fe(II)-1,10-phenanthroline-thiocyanate (ferroin thiocyanate) with 4-methyl-2-pentanone (MIBK). 9 Without any special instrument or color standard, this method was used for the interference test of iron for the determination of vanadium. In the present paper, this visual method was improved and modified for more sensitive field determination of iron in fresh water samples. High sensitivity was performed by higher enrichment in extraction. A new semiquantitative technique without color standard was developed on the basis of the determination of a minimum sample volume giving a MIBK extract with the minimum detectable amount of iron. In addition, this extract was separated from the aqueous solution by the capillary suction in a column with acrylic fibers and then was placed in a micro cell for spectrophotometry. The proposed visual and micro spectrophotometric methods have been successfully applied to deionized-, tap-, river-, lake-and reservoir-water samples.
Experimental

Reagents
All chemicals used were of analytical reagent grade. High purity HCl solution (Kanto Kagaku Co., Inc., Ultrapur) and water (≥ 18 MΩ·cm) prepared by Millipore Simpli Lab-UV system were used throughout. A stock iron solution (1.00 g Fe l -1 ) was prepared by dissolving FeNH4(SO4)2·12H2O (purity ≥ 99.0%) in 0.1 M HCl. Working iron standard solutions were prepared by diluting the stock solution with 0.1 M HCl. Phenanthroline (Phen) solutions (2 -10 mM) were prepared by dissolving 1,10-phenanthroline monohydrate in water. A mixed reagent solution containing 2.5 mM Phen, 1.0 M sodium thiocyanate and 0.1 M HCl was prepared and used after the elimination of impurity iron from 50 ml of the solution by extraction with each 5 ml of MIBK. The extraction was repeated twice.
Apparatus
A commercially-available glass vial ( Fig. 1 ) with an inner diameter of 27 mm and a volume of 30 ml was used for the visual method. A suction column for separation of MIBK extract from aqueous solution consisted of a polypropylene micro pipette chip (3 in Fig. 2 ) shortened by cutting out the tip and acrylic fibers (0.4 g, Urban Life Craft LL, Hamanaka, Kyoto) (4 in Fig. 2 ) packed in the chip. The absorbance measurements were carried out using a Shimadzu UV-160 spectrophotometer. A conventional 10 mm glass cell was used for a large volume of the extract. For a small volume (about 0.4 ml) of the extract, the cross section of the light beam was controlled by a mask and a micro cell (11 in Fig. 2 ) was used. An Advantec DISMIC-25 or LABODISC disposable filtration unit with a nitrocellulose membrane filter (0.45 µm in pore size and 25 or 50 mm in diameter, respectively) was used for the field filtration of water samples.
Visual method
The analytical procedure is shown in Fig. 3 . After the filtration and acidification (0.1 M HCl) of about 30 ml of a water sample, an aliquot of the sample solution was mixed with 1 ml of the mixed reagent solution in a vial (Fig. 1) . The solution was vigorously shaken with 1 ml of MIBK for about 1 min to extract iron as a pink ferroin thiocyanate complex. After the transparent extract was obtained, some coloration of the upper MIBK layer was observed. When the extract was colorless, the addition of the sample solution and the extraction were repeated, unitl the pink color was observed. Volumes of the sample solution added are indicated in Table 1 . When the total sample volume was over 10 ml, 0.2 ml of MIBK was added once. The concentration (C) or its ranged of iron in the sample solution was calculated by C = 0.025/Vmin or (0.025 ± 0.005)/Vmin (mg l -1 )
where Vmin is a minimum volume (ml) of the sample solution giving the colored extract. When the coloration was unclear at the extraction step i (total sample volume, Vi) and it became clear after the next extraction step i + 1 for Vi+1, the averaged volume, (Vi + Vi+1)/2, was used as the value of Vmin. For convenience in field analysis, some vials with the mixed reagent solution and MIBK were prepared in the laboratory. Vials were washed with ethanol and 1 M HCl or HNO3 and rinsed with water before being reused.
Micro spectrophotometric method (micro method)
After the visual determination, the total volume of sample solution was adjusted to be 20 ml with the sample solution or 0.1 M HCl. The mixed reagent solution and MIBK were added to be 2 ml each in total. The solutions were vigorously shaken for 1 min. After transparent MIBK extract was obtained, it was absorbed in a suction column, as shown in Fig. 2A . A part of the extract in the column was pushed out into a micro cell by a micro pipette (Fig. 2B) for the spectrophotometric determination. The absorbance was measured at 525 nm against MIBK reagent. The calibration graph was constructed by the extraction from 20 ml of the working iron standard solutions (0.1 M HCl) with 2 ml of the mixed reagent solution and 2 ml of MIBK. The extracts of the iron standards and samples were stored in micro glass vessels for the field and laboratory work. The suction column was washed three times with 1 ml each of ethanol before being reused. The residual ethanol in the column was expelled by centrifugation.
Conventional spectrophotometric method (conventional method)
Conventional spectrophotometric determinations were carried out for the study of analytical conditions in the visual method and the micro method. The volumes of the sample solution and reagent solutions were five times larger than those in the visual or micro method in order to measure absorbances comparable to that in the visual method. The extraction was carried out using separation funnels. After the shaking for 1 min and the separation of the two phases, the MIBK extract was taken and centrifuges for complete separation. The absorbance of the extract was measured using a conventional 10 mm cell. For the determination of iron, the calibration graph was constructed by using the working iron standard solutions. In this case, the volume of the aqueous phase was controlled to be the same as that for the sample. Separation funnels and a cell were washed before being reused, as described in the Visual method section.
Results and Discussion
Reagent concentrations and pH
The concentrations of Phen and thiocyanate in the aqueous phase were controlled to 10 times and more than 1000 times, respectively, the iron concentration for the extraction and spectrophotometric determination of iron. 9 In our visual method, the concentrations of reagents change depending on the sample volume. Therefore, their effects on absorbance were investigated by the conventional method. Figure 4 shows their effects in the presence of 0.1 M HCl and for 30 ml of the aqueous solution (corresponding to 6 ml in the visual method). The concentrations of the reagents were controlled by the addition of unpurified Phen and thiocyanate solutions. The concentration of thiocyanate was maintained at 400 times that of Phen. Net absorbance (3 in Fig. 4 ) was constant (0.164 ± 0.005) in the extraction of iron from the aqueous solution containing 0.16 -2.5 mM Phen and 0.064 -1.0 M thiocyanate. Therefore, in the micro method, the concentrations of Phen and thiocyanate were controlled in these ranges. Although the net absorbance was decreased at lower concentrations of Phen and thiocyanate, in the visual method, their concentrations down to 0.08 mM and 0.032 M, respectively, were acceptable within an analytical error (20%) as described later. Therefore, in the visual method, the concentrations of Phen and thiocyanate were controlled in 0.08 -2.5 mM and 0.032 -1.0 M, respectively. For 25 ml of sample, the absorbance was linearly increased with the concentration of iron at least up to 0.8 mg l -1 (14 µM) by the conventional method. An appropriate pH range reported was 0.65 -2.0. 9 In our study, pH was controlled in this range by maintaining the HCl concentration at 0.1 M.
Use of purified mixed reagent solution
A mixed reagent solution containing 2.5 mM Phen, 1.0 M sodium thiocyanate and 0.1 M HCl was prepared and used for convenience in the field analysis. The absorbance of the reagent blank was increased with increasing the reagent concentrations (Fig. 4) , indicating some contamination of iron from the reagents. Therefore, the mixed reagent solution was purified by extraction with MIBK, as described in the Reagents section. The absorbance of the reagent blank in the addition of the purified mixed solution was 0.0005 ± 0.0002 (n = 4). This value was four times lower than that before the purification and was acceptable for the visual method, as described later.
The concentrations of Phen and thiocyanate in the purified mixed reagent solution were determined, because they were unknown after the extraction. Phen up to 0.05 mM could be determined by the absorbance measurement of Fe(II)-Phen complex in the presence of 0.072 mM (4 mg l -1 ) of Fe(II) and an acetate buffer (pH 4). In this determination, the effect of thiocyanate concentration on absorbance was negligible at 20 mM or less. Thiocyanate up to 2 mM could be quantitatively extracted with MIBK from the solution containing 0.018 mM (1 mg l -1 ) of Fe(II), 1 mM Phen and 0.1 mM HCl; it was determined as ferroin thiocyanate. The concentrations of Phen and thiocyanate in the purified solution were 2.3 mM and 0.92 M, respectively, 8% lower than those prepared. Such a concentration change of the reagent is negligible, as shown in Fig. 4 .
Volumes of MIBK and sample
A commercially-available glass vial ( Fig. 1 ) with a polyethylene lid was used for the extraction and the color detection in the visual method. The absorption or color intensity of a transmitted light through the colored MIBK phase was observed in the lateral direction. The minimum volume (1 Step Fig. 4 Effects of Phen and thiocyanate concentrations on absorbance in the extraction of iron with 5 ml of MIBK from 30 ml of aqueous solution. 1, Reagent blank; 2, 2 µg of iron added; 3, net absorbance, i.e., difference between 1 and 2.
ml) of MIBK is selected for the sensitive detection of iron from the maximum volume (20 ml) of a sample solution. In the micro method, 2 ml of MIBK was required to obtain 0.4 ml of the extract for the absorbance measurement. The effect of the sample volume (0.25 -100 ml, corresponding to 0.05 -20 ml in the visual method) on absorbance was investigated by the conventional method. Figure 5 shows that the dissolution of MIBK into the aqueous solution decreased the volume of the MIBK phase and thereby increased the absorbance. Therefore, when the sample volume was over 50 ml, 1 ml of MIBK was added once to cancel the absorbance change. These volumes are corresponding to 10 and 0.2 ml, respectively, in the visual method. Figure 5 indicated that the extra addition of MIBK can control the absorbance change within about 10%, which is acceptable in the visual method, as described later. Because of the dissolution of MIBK, the volumes of the aqueous solution and MIBK were fixed to be 22 ml (sample solution plus mixed reagent solution) and 2 ml, respectively, in the micro method.
Extraction time and phase separation time
The effect of the extraction time of iron on absorbance was investigated by the conventional method in which 2 µg of iron was extracted from 25 ml of the sample solution. A constant absorbance within an error of 2% was obtained by the extraction for 0.5, 1, 1.5 or 2 min. Therefore, 1 min was adopted as the extraction time. For the visual color observation, the first and subsequent extractions required 60 and 20 s, respectively, for the phase separation in order to obtain a transparent layer of MIBK extract. For spectrophotometry, a longer separation time (2 min) was adopted to obtain sufficient volumes of the extract.
Visual determination of iron
The personal error in the visual detection of iron was evaluated by the selection of a MIBK extract with the lowest color intensity from the extracts containing different amounts of iron (0.01, 0.02, 0.03, 0.04, 0.05 and 0.06 µg). As the colored extract with the lowest color intensity, 60%, 37%, and 3% of 30 unskilled testees (with normal color vision) selected ones containing 0.02, 0.03 and 0.05 µg of iron, respectively. In the significance test by the Grubbs method, 0.05 µg could be discarded at the 1% significance level. From these results, a detection limit of iron was statistically 0.024 ± 0.005 µg (n = 29). Thus, the detection limit and analytical error are realized as 0.025 µg and 0.005 µg (20% as relative error), respectively. The absorbance corresponding to 0.005 µg of iron was 0.0004. Therefore, the absorbance of the reagent blank was controlled to be less than about 0.0004 by the use of the purified mixed reagent solution.
Based on the above personal error, different volumes of the sample solution were added in twelve steps (see Table 1 ) for the determination of iron. Iron can be determined from Eq. (1) by using a minimum volume of the sample solution with the lowest color intensity corresponding to 0.025 µg of iron. This procedure is suitable for a concentration range of 0.001 -0.4 mg l -1 of iron. When higher concentration of iron is determined, the dilution of sample is recommended. The full steps are not always required in routine work, e.g., for the check of the concentration over a guideline value of water quality.
Micro spectrophotometric determination of iron
It is very convenient if the MIBK extract obtained by the visual method can be subjected to the absorbance measurement. However, the selective suction of the extract by a pipette was difficult, because the MIBK layer on the aqueous solution was very thin (Fig. 1) . Therefore, a field suction technique was developed. Some natural and chemical fibers were packed in a pipette chip and brought into contact with the extract to adsorb it by the capillary action of hydrophobic fibers ( Fig. 2A) . Selective and rapid suction was performed by acrylic fibers. The sucked amount of the extract and the rate of suction were increased with increasing the amount of acrylic fibers. However, for 0.5 g of fibers, a part of the aqueous solution was also sucked. Therefore, 0.4 g of acrylic fibers sucking 1 ml of the extract within 1 min was selected. The selective suction was also achieved for 2 min. About 0.4 ml of extract was expelled from the suction column by pushing out the sucked extract by a micro pipette (Fig. 2B) .
Through the suction column, the absorbance of the reagent blank increased to 0.031 ± 0.002 (n = 9). Absorption spectra suggested contamination of iron from acrylic fibers. In this case, a detection limit corresponding to three times the standard deviation of absorbance for the reagent blank was 0.024 µg (0.001 mg l -1 in 20 ml of sample) and was comparable to that in the visual method. Therefore, for convenience, acrylic fibers were used without washing. The full step additions of sample solution ( Table 1) gave errors of 0 -5% in the determination of 0.4 µg (0.02 mg l -1 ) of iron. Iron was determined within a relative error of 2%, when the visual determination was omitted and a single extraction was carried out.
Storage of the extract was required for the laboratory work. The absorbance change of the extract was measured after the storage in a micro glass vessel (2 or 5 ml) with a lid. Negligible changes within 3% were found after the storage for at least 3 days. Washing of the suction column was studied for reuse of suction columns. After sucking an extract with or without 0.4 µg of iron, the column was washed with ethanol as described in the Micro spectrophotometric method (micro method) section. No significant difference in absorbance of the reagent blank was found between washed and unwashed columns. Therefore, suction columns were used repeatedly.
Selectivity
Interferences of V(V), Ni(II), Cu(II) and W(VI) were reported for the spectrophotometric method. 9 In our study, the interferences from these ions and others were investigated in the conventional spectrophotometric determination of 0.08 mg l -1 (2 µg) of iron in 25 ml of the sample solution. Each 0.2 mg l -1 of the above four metallic ions gave no significant error (≤ 3%). These ions were obviously tolerable in the visual method, because its determination error (20%) was about 7 times larger than that in the conventional method. For the micro method, each 0.05 mg l -1 of the above four metallic ions can be tolerable even considering that its enrichment factor is four times higher than that of the above conventional method. Their averaged concentrations in the natural fresh water samples 3 are less than 0.01 mg l -1 and therefore tolerable for the visual method and the micro method. A negative 5% error was found for 0.1 mg l -1 of EDTA. EDTA is an industrial product and its concentrations reported for river and lake water were less than 0.01 mg l -1 . 10 Humic acid (HA) was tested as a typical organic complexant in natural water samples. Up to 2 mg l -1 of HA, it showed no interference for the conventional method. However, the extract showed yellow or brown color because of the extraction of HA into MIBK. Therefore, for the visual method, a tolerable amount of HA was 2.5 µg (minimum 0.13 mg l -1 in a sample solution). Before the visual determination of iron, the color check of the extract without the addition of the mixed reagent solution is recommended for yellow or brown natural water.
Applications
The proposed visual and/or micro method was applied to deionized-, tap-, river-, lake-and reservoir-water samples ( Table 2 ). The filtration and acidification were carried out in the field.
Conventional spectrophotometric and atomic absorption spectrometric (AAS) determinations were carried out in the laboratory. Detection limits of the conventional method (25 ml of sample) and the AAS method were about 0.003 and 0.01 mg 1 -1 , respectively. For river-water samples (No. 4 and No. 5), micro spectrophotometric determinations using a portable spectrophotometer 11 were carried out in the field. Iron in deionized water (No. 1) with 2 MΩ·cm was undetected by the visual method. This result was consistent with that obtained by the conventional spectrophotometric or AAS method. For the other samples (filtrates), the results obtained by the visual method agreed with those obtained by the conventional spectrophotometric and AAS methods within an error of 30%. On the other hand, in conventional spectrophotometric and AAS results for river-water samples (No. 3), iron concentrations in the unfiltered samples were higher than those in the filtered samples. For the unfiltered sample, the iron concentrations obtained by the AAS method were higher than those obtained by the conventional spectrophotometric and visual methods. These results indicate that the unfiltered samples included ironcontaining particulate matter insoluble with 0.1 M HCl. For the filtrate of river-water samples (No. 4), the results obtained by the micro method agreed with those obtained by the AAS method within the error limits of AAS.
Conclusion
The proposed visual and micro spectrophotometric methods based on the extraction of a colored ferroin thiocyanate allowed determinations of trace iron in fresh water samples. Iron can be determined in a range of 0.001 -0.4 mg l -1 with an error of 20% by the visual method. It can be also determined within an error of 5% by the micro spectrophotometric method. These methods are applicable to field analysis of fresh water.
